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Optical Stark Effect in the Two-Photon Spectrum of NO
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A large optical Stark effect has been observed in the two-photon spectrum X H 3 X+ in ni-
tric oxide. It is explained as a near-resonant process in which the upper state of the two-photon
transition is perturbed by interactions with higher-lying electronic states coupled by the laser field.
A theoretical analysis is presented along with Stark parameters determined from ab initio wave
functions. The synthetic spectrum reproduces the major experimental features.

PACS numbers: 33.55.Be, 33.10.—n, 33.70.Jg, 33.80.Wz

In this Letter, we are reporting a quantitative deter-
mination of the optical Stark effect in a molecular,
two-photon, electronic transition. In the past, optical
Stark effects observed in resonant multiphoton transi-
tions have been almost exclusively limited to atomic
systems. As a result of the high density of states,
molecular Stark effects are expected to be more easily
observed, especially in multiphoton transitions using
high laser intensities. In fact, such observations have
been reported recently. ' However, previous analyses
of Stark effects in molecular multiphoton transitions
have been limited to order-of-magnitude estimates.

During the course of developing a laser-induced
fluorescence technique for gas-flow diagnostics, two of
us~ s have studied two-photon excitation of rovibronic
transitions in the NO y (X II, v" = 0 A
v' = 0) band. Unexpectedly large Stark broadening
was observed in the spectrum, even at moderate laser
intensities. Therefore, we have studied the Stark ef-
fect in some detail to understand the nature of the
broadening mechanism.

The experimental arrangement used was described
previously in Ref. 5. Selected regions of the y(0, 0),
two-photon, fluorescence-excitation spectrum were
scanned with a dye laser, which was pumped by the
third harmonic of a Nd-doped yttrium aluminum gar-
net laser operated at 10 Hz. A linearly polarized beam
was generated at wavelengths near 450 nm, with a 5-
nsec pulse duration, an average linewidth of = 0.2 to
0.3 cm, and with energies of a few millijoules. The
beam intensity distribution was spatially and temporal-
ly nonuniform, and varied from pulse to pulse. A
large fraction of the beam energy was focused into a
sample cell for the Stark measurements. Approxi-
mately 10% was split off and loosely focused into a

reference cell to provide a simultaneous spectrum with
negligible Stark broadening. NO pressures were ident-
ical in both cells and ranged from 0.05 to 0.1 Torr,
where collisional broadening was negligible.

An example of the broadening for a spectral region
in which the line separations are significantly greater
than the laser bandwidth is shown in Fig. 1. The upper
trace was taken with an average laser intensity of = 3
GWIcm2. The lower trace, recorded simultaneously
with a reduced laser power level, shows a spectrum
where the Stark effect is negligible. The upper spec-
trum displays an asymmetric shift to the blue for both
the Stt+R2t(20 —,

' ) and S2t(16—,
' ) transitions. The ro-
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FIG. 1. Experimental two-photon spectra of NO: X II,
v"=0 A X+, v'=0, S~~+R2~(202 ), and S2~(16~)
transitions at low and high laser intensities. NO pressure
was 0.1 Torr.

1012 1985 The American Physical Society



VOLUME 54, NUMBER 10 PHYSICAL REVIEW LETTERS 11 MARCH 1985

tational sublevels, which are split by the laser field, are
not resolved. The splitting appears in the spectrum as
a broadening, 3 to 4 cm ' wide. Additionally, the rel-
ative heights of the two peaks are reversed. Figure 2

shows a plot of the full width at half maximum
(FWHM) of the Stt+R2t(20 —,

' ) and Stt+R2t(7 —,
' )

lines, as a function of the average laser energy. The
width is linearly proportional to the pulse energy, indi-
cating a quadratic Stark effect. The intercept at zero
energy corresponds to the convoluted two-photon laser
width and Doppler width.

To account for the observed Stark effect quantita-
tively, both shifts and widths induced by the optical
field need to be considered. A survey of spectroscopic
data6 s for NO shows that at the laser frequencies for
the two-photon L A transition, each rotational level
of the A state is nearly resonant with a one-photon
transition to a J level of a high-lying discrete electronic
state. The observed splitting can be attributed to
near-resonant, one-photon coupling via the Stark field
(i.e., a quadratic Stark effect). In addition to the split-
ting, a significant width is also introduced since the 3
state can be coupled with the ionization continuum by
two-photon transitions, which are enhanced by the
near-resonant one-photon step. This additional width
corresponds to a quartic Stark effect.

An important factor in determining the magnitude
of the observed Stark effect is the resonance-energy
gap, G (the difference between the energies of the per-
turbing state and the sum of the 2-state and one-
photon energies). From available experimental
data, 6 9 the strongest perturbing level of the St t
+ R2, (20—,

' ) branch has been identified as B II,
v=25; and for the S2t(16—,

' ) branch, K2II, v= l.
Also, for the A-state rotational levels considered, the
smallest energy gaps vary between 3 and 4 cm

We have calculated the Stark shifts by solving the
time-dependent Schrodinger equation directly. The
commonly used perturbation approach2 3 was found to
be inadequate, as a result of the small resonance-
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FIG. 2. Linewidth (FWHM) of the Sii+R2i(20~) and

S»+ R2&(7~) lines as a function of laser energy. Focused
beam diameter was = 300 p, m. NO pressure was 0.05 Torr.

energy gaps. Calculations were performed for the
combined molecule and field system with each rota-
tional level of the A state coupled to six rotational lev-
els of the B 2II or K II state, via dipole interactions;
i.e. , J = Jz+ I, Jz, Jz —1 for each of the spin com-
ponents, Ft an F2, of the perturbing state. Contribu-
tions from the F211 state were negligible. In the
dressed-molecule representation, ' we can cast the
Schrodinger equation into the form of a secular equa-
tion. " For a state A, coupled to a set of bound states I
and J, through the potential V, we have

G + V —n = 0,

where Gq~ =0, GIJ= (EI &w r0)51J, V~~ =0, and

(2)

Also, VIJ=Q, because these terms are nonresonant.
In Eq. (2), p, zl is the transition dipole moment, A is a
rotational line-shift factor, and 8' is the field strength.
Associated with each eigenvalue, ~z, there is a

TABLE I. Stark shifts (cm ') and widths (cm ') calculated for three rotational levels
of the 3 X+, ~ =0 state at I~~=3 GW/cm .

Fj,j= 22~
Shift Width Shift Width

F2,1= 18 2

Shift Width

5 1

10—'

20—'

—0.03

0.99

2.44

3.83

5.03

0.06

0.42

0.52

0.49

0.46

—0.41

—0.25

0.22

2.53

0.39

0.35

0.27

0.21

0.20

—0.02

1.02

2.41

3.87

0.04

0.70

0.91

0.93
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dressed-state wave function,

+~(r, r) = [8~„(@~,n)+ X, Bv, (e,, n —1)]exp( —i [E„+(n+ —,
' )o) —n~]r),

%(J~,J IS~,S IM) =

where. 4~ and 41 are the time-independent molecular eigenfunctions; B~g and Bpg are time-independent coeffi-
cients; and n is a photon occupation number. The nonstationary wave function, V(r, t), is a linear combination of
the Wz's. For the case of two-state coupling, ' our result agrees with that obtained previously in closed form. '3

While 9"(r, t) is oscillatory, the laser probes only one of its components. Since a single laser field was used in
this experiment, the probe and Stark frequencies are identical, and are always tuned to the component of W(r, r)
with o closest to zero. We designate it as %'0. The eigenvalue, no, then corresponds to the Stark shift observed.
To determine o.o, Eq. (1) is solved separately for each M rotational sublevel. Since the experiment requires the
Stark and probe frequencies to be equal, an iterative solution is required.

The rotational line-shift factor, A, is given by

2J, +1 '/

C (J„IJ, ,M0M)
2J, +1

&& C( Jq 1 Jl, 0& I I11)(2II, JI + —,
'

~211, A I)

Here we have assumed the use of a single, linearly polarized laser and intermediate coupling between Hund's cases
(a) and (b).

The two-photon rotational line strength, M (J+,J„,S~,S~,M), between individual M levels of the X II and
2 zX+ states, determines the shape of the Stark spectrum. The M-dependent line strength can be deduced from
the unresolved two-photon rotational line strength of Halpern, Zacharias, and Wallenstein'4 and is given by

S
~ C(J„2J,,M0M) ~'

-Y(J'J'S'S'M) = "2J'
1
— ~(J J'5'S ) (5)2'+ 1

The Stark width for individual M levels, arising from
the interaction of the wave function Wo with the ioni-
zation continuum, is expressed by

al =,'~X„((e„fi g fe,) f'. (6)

The continuum states 4, z are evaluated at energy
Ec = E„+2', and the subscript A. runs over all degen-
erate quantum numbers. The M dependence of the
widths is implicitly contained in rotational factors simi-
lar to A' . The energy shift, due to coupling to the
continuum, was found to be negligibly small.

The vibronic transition moments, p, &I, were calcu-
lated from ab initio wave functions, using a large (32
a, 22 n, 6 5, 4 @) Slater-type basis set containing
Rydberg functions. " Complete-active-space self-
consistent-field calculations were carried out for the

X+ state, followed by multireference, first-order,
configuration-interaction calculations for both 2$ and
H symmetries. Transition moments between the 8

and E states and the ionization continuum were calcu-
lated from discretized configuration-interaction wave
functions using the Stieltjes imaging method.

The Stark shifts and widths of the three rotational
levels of the A X+ state under consideration have
been calculated for the experimental field intensity,
I~&, of 3 GW/cm, using a chaotic-field model for the

photon statistical behavior. ' Their values are shown
in Table I for representative M levels. Both the shifts
and widths are strongly M dependent, as a result of a
dominant M2-dependent term in the rotational line-
shift factor. A synthetic, Stark-broadened, two-photon
spectrum of NO has been generated with use of the
calculated parameters and is presented in Fig. 3. At a
given probe frequency in the synthetic spectrum, all
transitions that contributed to the intensity were con-
voluted with the laser and Doppler widths, with use of
a Voigt function. The laser width was assumed to be
composed of both probe and Stark fields, with an ef-
fective, single, Gaussian width of 0.5 cm . The vert-
ical lines in Fig. 3 represent the calculated positions of
the Stark-shifted M-level transitions at I„q.The ex-
perimental spectrum taken at the same field strength is
also reproduced in the figure. Comparing the two
spectra, we find overall agreement. Both spectra show

asymmetric shifts to the blue and a peak-height rever-
sal from the weak-field case. The asymmetry is the
result of M-dependent blue shifts and the intensity dis-
tributions of the shifted lines. The individual Stark
widths smooth the line shape. The discrepancies
between the experimental and synthetic spectra are
probably due to uncertainties in the parameters used in
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FIG. 3. Comparison of the synthetic (dashed line) and
experimental (solid line) high-field spectra (same conditions
as Fig. 1). The vertical lines represent the calculated posi-
tions of the shifted M levels.

the calculation. The effects of spectral, spatial, and
temporal variations in the laser radiation were evaluat-
ed with a both time-dependent and spatially variant
model, with either Lorentzian or Gaussian spectral dis-
tributions. In all reasonable cases, the changes to the
synthetic spectral profiles, integrated over all time and
space, were less than 10%. Finally, BJ and 1~v were
varied over a reasonable range of uncertainties with
only minor changes observed for the large-M transi-
tions.

In conclusion, a theoretical method has been de-
veloped that should be uniquely applicable to near-
resonant Stark effects. Several aspects of the model
were found to be essential for reproducing the experi-
mental features in NO. In particular, the time-de-
pendent Schrodinger equation had to be solved directly
since perturbation methods were unsuccessful. Addi-
tionally, an iterative solution of the secular equation
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